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SYSTEM AND METHOD BASED ON
FIELD-EFFECT TRANSISTORS FOR
ADDRESSING NANOMETER-SCALL

DEVICES

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application 1s a division of U.S. application Ser. No.

10/8°75,057 filed Jun. 22, 2004, which claims priority to U.S.
Provisional No. 60/480,888 filed Jun. 24, 2003. Both appli-
cations are incorporated by reference herein.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH OR DEVELOPMEN'T

Work described herein has been supported, in part, by
DARPA Grant No. MDA972-01-03-0005. The United States
Government may therefore have certain rights 1n the mven-
tion.

REFERENCE TO A “*SEQUENCE LISTING,” A
TABLE, OR A COMPUTER PROGRAM LISTING
APPENDIX SUBMITTED ON A COMPACT DISK.

Not Applicable

BACKGROUND OF THE INVENTION

The present invention relates generally to the field of nano-
technology. More specifically, the invention provides a
method and system based on field effect transistors for
addressing nanometer-scale devices. Merely by way of
example, the invention has been applied to nanometer-scale
wires, but 1t would be recognized that the invention has a
much broader range of applicability.

In the field of nanotechnology, it 1s important to bridge the
length scales between the ultra-high density patterns achiev-
able through nanometer-dimension patterning techniques,
and the patterns that are achievable using lithographic pat-
terming techniques. The nanometer-scale patterning tech-
niques may use self-assembly processes and/or non-litho-
graphic processes. For example, aligned circuits include
nanowires whose diameters are as small as 8 nanometers, and
the separations between adjacent nanowires are 16 nm. In
contrast, the high resolution lithography technique such as
clectron-beam lithography (EBL) can make small metal
1slands as small as 8 nanometers, but those features are usu-
ally separated by 60 nanometers or so. For straight and
aligned wires, EBL can provide patterns with wire diameters
ranging from 20 to 30 nanometers and wire pitches ranging
from 60 to 80 nanometers. The wire pitches are related to the
separations between adjacent wires. Hence, both the wire
diameters and wire pitches from EBL are significantly larger
than the diameters and separations of the nanowires.

To bridge the length scales between the nanometer-dimen-
s10n patterning techniques and lithographic patterning tech-
niques, diode-based binary tree multiplexers-may be used.
FIG. 1 1s a simplified conventional binary tree multiplexer.
The binary tree multiplexer 100 includes nanowires 110 and
address wires 120. For example, the address wires 120 are
patterned with lithographic techniques and connected with
the nanowires 110 with diodes or switches that change
between two resistance states includes one of high resistance
and the other one of low-resistance. The inputs of the address
wires 120 act as the mnputs to a logical AND gate. As shown in

10

15

20

25

30

35

40

45

50

55

60

65

2

FIG. 1, 16 nanowires 110 are addressed using 8 address wires
120. This corresponds to 2* nanowires being addressed with
2x4 address wires. Specifically, two address wires 130 are
connected to different groups of 8 adjacent nanowires,
another two address wires 132 are connected to different
groups of 4 adjacent nanowires, yet another two address wires
134 are connected to different groups of 2 adjacent nanow-
ires, and yet another two address wires 136 are connected to
different individual nanowires. The topmost nanowire and the
bottommost nanowire are considered to be adjacent. Fach of
the address wires 110 1s connected to a different half of the
nanowires 120. For example, 1 the four address wires 140 are
grounded, and a voltage 1s applied to the other four address
wires 150, only one nanowire 160 should be connected to all
four address wires 150. Hence the nanowire 160 1s the wire
that 1s addressed. The binary tree multiplexer 100 may con-
sume significant power and 1mvolve complicated fabrication
Processes.

Hence 1t 1s desirable to improve techniques for addressing,
nanometer-scale devices.

BRIEF SUMMARY OF THE INVENTION

The present invention relates generally to the field of nano-
technology. More specifically, the invention provides a
method and system based on field eflect transistors for
addressing nanometer-scale devices. Merely by way of
example, the invention has been applied to nanometer-scale
wires, but 1t would be recognized that the mvention has a
much broader range of applicability.

According to an embodiment of the present invention, a
system for selecting one wire from a plurality of wires
includes a plurality of semiconductor wires. Two adjacent
semiconductor wires of the plurality of semiconductor wires
are associated with a separation smaller than or equal to 100
nm. Additionally, the system includes a plurality of address
lines. Each of the plurality of address lines includes a gate
region and an 1nactive region and intersects the plurality of
semiconductor wires at a plurality of intersections. The plu-
rality of intersections includes a first intersection and second
intersection. The first intersection 1s associated with the gate
region, and the second intersection 1s associated with the
inactive region. At the first intersection, the each of the plu-
rality of address lines 1s separated from a first semiconductor
wire by a first dielectric layer, and at the second intersection,
the each of the plurality of address lines 1s separated from a
second semiconductor wire by a second dielectric layer. The
cach of the plurality of address lines i1s free from any gate
region associated with a dimension smaller than the separa-
tion, and the dimension 1s related to a first direction of the
cach of the plurality of address lines.

According to another embodiment, a method for making a
system for selecting one wire from a plurality of wires
includes providing a plurality of semiconductor wires. Two
adjacent semiconductor wires of the plurality of semiconduc-
tor wires are associated with a separation smaller than or
equal to 100 nm. Additionally, the method 1includes deposit-
ing a first dielectric layer on at least the plurality of semicon-
ductor wires, and patterning the first dielectric layer to expose
at least a first part of a first semiconductor wire and a second
part of a second semiconductor wire of the plurality of semi-
conductor wires. Moreover, the method includes depositing a
second dielectric layer on the patterned first dielectric layer
and at least the first part of the first semiconductor wire and
the second part of the second semiconductor wire, and depos-
iting a metal layer on the second dielectric layer. The pat-
terned first dielectric layer, the second metal layer, and the
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metal layer are associated with an address line including a
gate region and an 1nactive region. The gate region 1s on a first
part of the second dielectric matenial located directly on at
least the first part of the first semiconductor wire and the
second part of the second semiconductor wire.

According to yet another embodiment, a method for select-
ing one wire from a plurality of wires includes providing a
system 1ncluding a plurality of semiconductor wires and a
plurality of address lines, applying a first voltage to the plu-
rality of semiconductor wires, applying a second voltage to a
first half of the plurality of address lines, and applying a third
voltage to a second hall of the plurality of address lines.
Additionally, the method includes obtaining a plurality of
currents associated with the plurality of semiconductor wires
related to the second voltage and the third voltage, processing
information associated with the plurality of currents, and
determining a first semiconductor wire based on information
associated with the plurality of currents. Two adjacent semi-
conductor wires of the plurality of semiconductor wires are
associated with a separation smaller than or equal to 100 nm.
Each of the plurality of address lines intersects the plurality of
semiconductor wires at a plurality of intersections. At each of
the plurality of intersections, the each of the plurality of
address lines 1s separated from a corresponding semiconduc-
tor wire of the plurality of semiconductor wires by a dielectric
layer.

Many benefits are achieved by way of the present invention
over conventional techniques. For example, some embodi-
ments of the present invention provide a system and method
for matching the nanometer-dimension patterning techniques
and lithographic patterning techniques and for addressing
cach of the individual nanostructures. For example, the litho-
graphic patterning techniques may use an optical beam such
as 1n the ultraviolet range or the far-ultraviolet range or use an
clectron beam. Certain embodiments of the present invention
can select and address a signal wire whose cross-section area
1s smaller than the resolution of lithographic techniques.
Some embodiments of the present invention can select and
address a signal wire from a plurality of signal wires, whose
pitch 1s smaller than the resolution of lithographic techniques.

Certain embodiments of the present invention improves the
density of an addressing system. The addressing structures
patterned with lithographic techniques usually has a density
lower than that of the nanostructures. For example, the
addressing structures include address lines with gate regions
and 1nactive regions. To improve overall density, 1t 1s desir-
able to reduce the number of addressing structures for a given
number ol nanostructures. For example, 2" nanostructures
can be individually addressed by approximately n or 2xn
addressing lines. n1s a positive integer. Some embodiments of
the present mvention improve tolerance ol manufacturing,
defects. The addressing system does not require manufactur-
ing precision at the level of nanowires. For example, the
addressing lines are much larger and spaced farther apart than
the nanometer-scale wires. In another example, the spacing
between the gate regions of the addressing lines 1s much
larger than the spacing between the nanowires. In yet another
example, the smallest gate region covers more than one
nanowire.

Some embodiments of the present invention significantly
increase the ease of fabrication. A predetermined registration
1s not required between a given gain region and a give nanow-
ire. For example, the pattern of gain regions for an addressing
line continues beyond the edges of the array of nanowires.
Certain embodiments of the present mnvention reduce power
consumption. Field effect transistors formed between the gate
regions and the nanowires usually do not allow substantial
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clectrical current between the addressing lines and the
nanowires except limited leakage current. The reduction in
power consumption also reduces heat generation. Addition-
ally, the field effect transistors can serve as gain elements.
Some embodiments of the present invention provides an
addressing system and method for a large number of nanom-
cter-scale devices without consuming an unacceptable level
of power. Certain embodiments of the present invention can
bring a nanowire to high resistivity state and low resistivity
state depending upon applied gate voltage. Certain embodi-
ments of the present invention improve etching selectivity
between S10, and S1. The etching rate of S10,, 1s much higher
than that of S1. Some embodiments of the present invention
can select and address an array of semiconductor wires on an
insulating substrate.

Depending upon embodiment, one or more of these ben-
efits may be achieved. These benefits and various additional

objects, features and advantages of the present invention can
be fully appreciated with reference to the detailed description
and accompanying drawings that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a simplified conventional binary tree multiplexer.

FIG. 2 1s a simplified system for addressing nanometer-
scale devices according to an embodiment of the present
imnvention;

FIG. 3 1s a simplified system for addressing nanometer-
scale devices according to another embodiment of the present
imnvention;

FIG. 4 shows simplified intersections between address
lines and nanometer-scale devices according to an embodi-
ment of the present invention;

FIG. 4A 1s a simplified system for addressing devices
according to yet another embodiment of the present mnven-
tion;

FIG. 4B shows simplified intersections between address
lines and devices according to another embodiment of the
present invention;

FIG. 5 1s a simplified method for fabricating system for
addressing nanometer-scale devices according to an embodi-
ment of the present invention;

FIG. 6 1s a simplified diagram for providing nanometer-
scale devices according to an embodiment of the present
imnvention;

FIG. 7 1s a simplified diagram for forming dielectric layer
according to an embodiment of the present invention;

FIG. 8 1s a simplified diagram for patterning dielectric
layer according to an embodiment of the present invention;

FIG. 9 1s a simplified diagram for forming dielectric layer
according to an embodiment of the present invention;

FIG. 10 1s a simplified diagram for forming metal layer
according to an embodiment of the present invention;

FIGS. 11A through 11D show a simplified method for
fabricating multiple address lines according to an embodi-
ment of the present invention;

FIG. 12 15 a simplified method for addressing nanometer-
scale devices according to an embodiment of the present
imnvention;

FIG. 13 15 a simplified method for addressing nanometer-
scale devices according to another embodiment of the present
invention;

FIG. 14 15 a simplified method for addressing nanometer-
scale devices according to yet another embodiment of the
present invention;
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FIG. 15 15 a simplified diagram showing current as a func-
tion of gate voltage according to an embodiment of the
present invention;

FIGS.16A,16B, and 16C are simplified diagrams showing
current as a function of source-drain voltage according to an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates generally to the field of nano-
technology. More specifically, the invention provides a
method and system based on field effect transistors for
addressing nanometer-scale devices. Merely by way of
example, the invention has been applied to nanometer-scale
wires, but 1t would be recognized that the invention has a
much broader range of applicability.

System for Addressing Devices

FIG. 2 1s a simplified system for addressing nanometer-
scale devices according to an embodiment of the present
invention. The diagram 1s merely an example, which should
not unduly limit the scope of the present invention. One of
ordinary skill in the art would recognize many varations,
alternatives, and modifications. The system 200 includes
nanometer-devices 210 and address lines 220. Although the
above has been shown using components 210 and 220, there
can be many alternatives, modifications, and variations. Some
of the systems may be combined. Other systems may be
added to the system 200. Depending upon the embodiment,
one or more of the systems may bereplaced. Further details of
these systems are found throughout the present specification
and more particularly below.

As shown in FIG. 2, the nanometer-scale devices 210
include a plurality of nanometer-scale wires (“nanowires”).
The nanowires may include the nanowire 1 through the
nanowire n. n i1s a positive integer. For example, n equals 8. In
one embodiment, the nanowires are substantially parallel to
each other. In another embodiment, the nanowires are con-
nected to other nanometer-scale devices. The nanowires may
have various diameters and separations. In one embodiment,
the separation 1s defined as the distance from the center of one
nanowire to the center of another adjacent nanowire. For
example, the separation between two adjacent nanowires
ranges from 10 nm to 100 nm. The nanowire diameter ranges
from 8 nm to 80 nm. In another example, the nanowire diam-
eter 1s about 8 nm, and the separation between two adjacent

nanowires 1s about 16 nm. In yet another example, the nanow-
ires have a cross-section other than circular.

Also as shown 1n FIG. 2, the address lines 220 include the
address lines 1 through m. m i1s a positive integer. For
example, m equals 6. In one embodiment, the address lines
are substantially parallel to each other. The address lines may
have various diameters and separations. For example, the
diameter of an address line ranges from 50 nm to 250 nm. The
separation between two adjacent address lines ranges from
100 nm to 500 nm.

Each of the address lines 220 includes at least a gate region
and an 1nactive region. For example, the address line 1
includes a gate region covering the nanowires 3 through 6,
and an mactive region covering the nanowires 1 through 2 and
7 through 8. The address line 2 includes a gate region covering
the nanowires 1 through 2 and 7 through 8, and an 1nactive
region covering the nanowires 3 through 6.

The address line 3 includes a gate region covering the
nanowires I through 2 and 5 through 6, and an 1nactive region
covering the nanowires 3 through 4 and 7 through 8. The
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address line 4 includes a gate region covering the nanowires 3
through 4 and 7 through 8, and an 1nactive region covering the
nanowires 1 through 2 and 5 through 6.

The address line 5 includes a gate region covering the
nanowires 1, 4 through 5, and 8, and an 1nactive region cov-
ering the nanowires 2 through 3 and 6 through 7. The address
line 6 includes a gate region covering the nanowires 2 though
3 and 6 through 7, and an inactive region covering the nanow-
ires 1, 4 through 5, and 8.

As discussed above and further emphasized here, FI1G. 2 1s
merely an example, which should not unduly limait the scope
ol the present invention. One of ordinary skill 1in the art would
recognize many variations, alternatives, and modifications.
For example, the nanowires 1 through 8 may be shifted with
respect to the address lines. For each address line, the nanow-
ires covered by the gate region and the mactive region may
vary based on the relative position between the address lines
and the nanowires. In another example, the number of nanow-
ires 1s different from 8, and the number of address lines 1s
different from 6. In yet another example, the nanometer-scale
devices 210 includes certain devices other than nanowires. In
yet another example, all the gate regions of all the address
lines, such as a gate region 230, each have a length covering
at least three nanowires. In yet another example, all the 1nac-
tive regions of all the address lines, such as the inactive region
240, each have a length covering at least three nanowires.

FIG. 3 1s a simplified system for addressing nanometer-
scale devices according to another embodiment of the present
invention. The diagram 1s merely an example, which should
not unduly limit the scope of the present invention. One of
ordinary skill 1n the art would recognize many variations,
alternatives, and modifications. The system 300 includes
nanometer-devices 310 and address lines 320. Although the
above has been shown using components 310 and 320, there
can be many alternatives, modifications, and variations. Some
of the systems may be combined. Other systems may be
added to the system 300. Depending upon the embodiment,
one or more of the systems may be replaced. Further details of
these systems are found throughout the present specification
and more particularly below.

As shown 1n FIG. 3, the nanometer-scale devices 310
include a plurality of nanowires. The nanowires may include
the nanowire 1 through the nanowire n. n 1s a positive integer.
For example, n equals 8. In one embodiment, the nanowires
are substantially parallel to each other. In another embodi-
ment, the nanowires are connected to other nanometer-scale
devices. The nanowires may have various diameters and sepa-
rations. For example, the nanowire diameter ranges from 8
nm to 80 nm. The separation between two adjacent nanowires
ranges from 10nm to 100 nm. In another example, the nanow-
ire diameter 1s about 8 nm, and the separation between two
adjacent nanowires 1s about 16 nm.

Also as shown 1n FIG. 3, the address lines 320 include the
address lines 1 through m. m 1s a positive integer. For
example, m equals 8. In one embodiment, the address lines
are substantially parallel to each other. The address lines may
have various diameters and separations. For example, the
diameter of an address line ranges from 50 nm to 250 nm. The
separation between two adjacent address lines ranges from
100 nm to 500 nm.

Each of the address lines 320 includes at least a gate region
and an 1nactive region. For example, the address line 1
includes a gate region covering the nanowires 1 through 4,
and an 1nactive region covering the nanowires 3 through 8.
The address line 2 includes a gate region covering the nanow-
ires 5 through 8, and an 1nactive region covering the nanow-
ires 1 through 4.
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The address line 3 includes a gate region covering the
nanowires 2 through 4 and 8, and an mnactive region covering,
the nanowires 1 and 5 through 7. The address line 4 includes
a gate region covering the nanowires 1 and 5 through 7, and an
inactive region covering the nanowires 2 through 4 and 8.

The address line 5 includes a gate region covering the
nanowires 1 through 3 and 7 through 8, and an inactive region
covering the nanowires 4 through 6. The address line 6
includes a gate region covering the nanowires 4 through 6,
and an mactive region covering the nanowires 1 through 3 and
7 through 8.

The address line 7 includes a gate region covering the
nanowires 1 through 2 and 6 through 8, and an 1nactive region
covering the nanowires 3 through 5. The address line 8
includes a gate region covering the nanowires 3 through 5,
and an mactive region covering the nanowires 1 through 2 and
6 through 8.

FIG. 4 shows simplified intersections between address
lines and nanometer-scale devices according to an embodi-
ment of the present mvention. The diagram 1s merely an
example, which should not unduly limit the scope of the
present invention. One of ordinary skill i the art would
recognize many variations, alternatives, and modifications.
The intersections 400 includes an insulating layer 410,
nanowires 422, 424, 426 and 428, and an address line 430.
Although the above has been shown using components 410,
422, 424, 426, 428 and 430, there can be many alternatives,
modifications, and variations. Some of the systems may be
combined. Other systems may be added to the intersections
400. Depending upon the embodiment, one or more of the
systems may be replaced. Further details of these systems are
found throughout the present specification and more particu-
larly below.

FIG. 4 shows cross-sections of the nanowires 422, 424,
426, and 428 on the insulating layer 410. For example, the
insulating layer 410 1s made of dielectric maternial such as
S10,. In another example, the insulating layer 410 1s made of
plastic. The nanowires 422, 424, 426, and 428 are made of
semiconductor material. For example, the semiconductor
material may be silicon, germanium, gallium arsenide, or any
combination thereof. Silicon may be polysilicon or crystal-
line silicon and may be doped or undoped. In one embodi-
ment, the nanowires 422, 424, 426, and 428 are four adjacent
nanowires 210 as shown 1n FIG. 2. For example, the nanowire
diameter ranges from 8 nm to 80 nm. The separation between
two adjacent nanowires ranges from 10 nm to 100 nm. In
another example, the nanowire diameter 1s about 8 nm, and

the separation between two adjacent nanowires 1s about 16
nim.

The address line 430 includes a dielectric layer 440, a
dielectric layer 450, and a metal layer 460. In one embodi-
ment, the dielectric layer 440 has a dielectric constant smaller
than that of the dielectric layer 450. For example, the dielec-
tric layer 440 1s made of S10, with a dielectric constant
substantially equal to 3.9. The dielectric layer 450 1s made of
Al,O, with a dielectric constant substantially equal to 9.8. In
another example, the dielectric layer 440 1s made o1 S10, with
a dielectric constant substantially equal to 3.9. The dielectric
layer 450 1s made of H1O, or ZrO,. In yet another example,
the dielectric layer 440 1s made of PMMA, and the dielectric
layer 450 1s made of S10,, with a dielectric constant substan-
tially equal to 3.9. The thickness 442 of the dielectric layer
440 may range from 50 nm to 1 um. The thickness 452 of the
dielectric layer 450 may range from 5 nm to 25 nm. The metal
layer 460 1s made of metal or conductive alloy. For example,
the metal layer 1s made of titanium, aluminum, platinum,
copper, gold, or any combination thereof. In another example,
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the metal layer 460 includes three sub-layers made of tita-
nium, aluminum, and platinum. The thickness 462 of the
metal layer 460 may range from 100 nm to 1 um. As shown in
FIG. 4, the address line 430 has a gate region covering the
nanowires 424 and 426, and an mactive region covering the
nanowires 422 and 428.

I1 the nanowires 424 and 426 are made of p-type semicon-
ductor material such as p-type silicon, a positive voltage
applied to the metal layer 460 would increase the resistivity of
the nanowire 424 and 426. If the nanowires 424 and 426 are
made of n-type semiconductor material, a negative voltage
applied to the metal layer 460 would increase the resistivity of
the nanowire 424 and 426. In contrast, the nanowires 422 and
428 are not substantially affected by the voltage applied to the
metal layer 460. In one embodiment, the voltage applied to
the metal layer 460 1s measured with respect to the voltage
level of the nanowire segments under the metal layer 460. The
capacitance between the metal layer 460 and the nanowire
422 or 428 1s significantly larger than the capacitance
between the metal layer 460 and the nanowire 424 or 426. For
example, the ratio between the resistivity change for the
nanowires 424 or 426 and the resistivity change for the
nanowires 422 or 428 ranges from 2 to 100.

As discussed above and further emphasized here, FIG. 4 1s
merely an example, which should not unduly limit the scope
ol the present invention. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications. In
one embodiment, the address line 430 has a gate region covers
two or over two nanowires. For example, the nanowires 422,
424, 426, and 428 are four adjacent nanowires 310 as shown
in FI1G. 3. In another embodiment, the dielectric layers 440
and 450 are made of the same diclectric material. In yet
another embodiment, the dielectric layer 440 has a dielectric
constant equal to or larger than the dielectric layer 450.

In yet another embodiment, the addressing system as
shown 1n FIG. 2 or 3 may be used for devices larger than
nanometer-scale devices, such as micrometer-scale devices.
For example, the micrometer scale devices include microme-
ter-scale wires. The -wires may have a diameter ranging from
500 nm to 10 um, and a pitch ranging from 1 um to 20 um. In
one example, the pitch 1s defined as the distance between the
center of one wire and the center of another adjacent wire.

FIG. 4A 1s a simplified system for addressing devices
according to yet another embodiment of the present mnven-
tion. The diagram 1s merely an example, which should not
unduly limit the scope of the present invention. One of ordi-
nary skill in the art would recognize many variations, alter-
natives, and modifications. The system 2000 includes devices
2100 and address lines 2200. Although the above has been
shown using components 2100 and 2200, there can be many
alternatives, modifications, and variations. Some of the sys-
tems may be combined. Other systems may be added to the
system 2000. Depending upon the embodiment, one or more
of the systems may be replaced. Further details of these
systems are found throughout the present specification and
more particularly below.

As shown 1n FIG. 4A, the devices 2100 include a plurality
of signal wires. In one embodiment, the signal wires are
substantially parallel to each other. In another embodiment,
the signal wires are connected to other devices. The signal
wires may have various diameters and separations. Also as
shown 1n FIG. 4A, the address lines 2200 may be substan-
tially parallel to each other. The address lines may have vari-
ous diameters and separations. Each of the address lines 220
includes at least a gate region and an inactive region. The gate
region can be small enough to cover only one signal wire.
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FIG. 4B shows simplified intersections between address
lines and devices according to another embodiment of the
present invention. The diagram 1s merely an example, which
should not unduly limit the scope of the present mnvention.
One of ordinary skill 1n the art would recognize many varia-
tions, alternatives, and modifications. The intersections 4000
includes an insulating layer 4100, signal wires 4220, 4240,

and 4280, and an address line 4300. Although the above has
been shown using components 4100, 4220, 4240, 4280 and
4300, there can be many alternatives, modifications, and
variations. Some of the systems may be combined. Other
systems may be added to the intersections 4000. Depending
upon the embodiment, one or more of the systems may be
replaced. Further details of these systems are found through-
out the present specification and more particularly below.

FIG. 4B shows cross-sections of the signal wires 4220,
4240, and 4280 on the insulating layer 4100. For example, the
insulating layer 4100 1s made of dielectric material such as
S10,. In another example, the insulating layer 4100 1s made of
plastic. The signal wires 4220, 4240, and 4280 are made of
semiconductor material. For example, the semiconductor
material may be silicon, germanium, gallium arsenide, or any
combination thereof. Silicon may be polysilicon or crystal-
line silicon and may be doped or undoped. In one embodi-
ment, the signal wires 4220, 4240, and 4280 are three adja-
cent signal wires 2100 as shown 1n FIG. 4A.

The address line 4300 includes a dielectric layer 4400, a
dielectric layer 4500, and a metal layer 4600. In one embodi-
ment, the dielectric layer 4400 has a dielectric constant
smaller than that of the dielectric layer 4500. For example, the
dielectric layer 4400 1s made of PMMA, and the dielectric
layer 4500 1s made of S10, with a dielectric constant substan-
tially equal to 3.9. In another example, the dielectric layer
4400 1s made of S10, with a dielectric constant substantially
equal to 3.9. The dielectric layer 4500 1s made of Al,O,with
a dielectric constant substantially equal to 9.8. In yet another
example, the dielectric layer 4400 1s made of S10, with a
dielectric constant substantially equal to 3.9. The dielectric
layer 4500 1s made of HIO, or ZrO,. The thickness 4420 of
the dielectric layer 4400 may range from 50 nm to 500 nm.
The thickness 4520 of the dielectric layer 4500 may range
from 3 nm to 25 nm. The metal layer 4600 1s made of metal or
conductive alloy. For example, the metal layer 1s made of
titanium, aluminum, platinum, copper, gold, or any combina-
tion thereof. In another example, the metal layer 4600
includes three sub-layers made of titanium, aluminum, and
platinum. The thickness 4620 of the metal layer 4600 may
range from 75 nmto 1 82 m. As shown in FIG. 4B, the address
line 4300 has an 1nactive region covering the signal wires
4220 and 4280, and a gate region covering the signal wire
4240. The resistivity of the signal wire 4240 depends on the
voltage applied to the metal layer 4600.

Fabrication of System for Addressing Devices

FIG. 5 1s a simplified method for fabricating system for
addressing nanometer-scale devices according to an embodi-
ment of the present invention. This diagram 1s merely an
example, which should not unduly limit the scope of the
claims. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications. The method 500
includes a process 310 for providing nanometer-scale
devices, a process 520 for making electrical contacts to
nanometer-scale devices, a process 530 for depositing dielec-
tric layer, a process 340 for patterning dielectric layer, a
process 350 for depositing dielectric layer, and a process 560
for depositing metal layer. Although the above has been
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shown using a selected sequence of processes, there can be
many alternatives, modifications, and vanations. For
example, some of the processes may be expanded and/or
combined. Other processes may be inserted to those noted
above. Depending upon the embodiment, the speciiic
sequence ol processes may be interchanged with others
replaced. For example, the process 520 for making electrical
contacts 1s performed after the process 530, 540, 550, or 560.
Further details of these processes are found throughout the
present specification and more particularly below.

At the process 510, nanometer-scale devices are provided.
FIG. 6 1s a simplified diagram for providing nanometer-scale
devices according to an embodiment of the present invention.
The diagram 1s merely an example, which should not unduly
limit the scope of the present invention. One of ordinary skill
in the art would recognize many variations, alternatives, and
modifications. The nanowires 422, 424, 426, and 428 are
fabricated on the msulating layer 410. For example, the 1nsu-
lating layer 410 1s made of dielectric material such as S10,,. In
another example, the isulating layer 410 1s made of plastic.
The nanowires 422, 424, 426, and 428 are made of semicon-
ductor material. For example, the semiconductor material
may be silicon, germanium, galllum arsenide, or any combi-
nation thereof Silicon may be polysilicon or crystalline sili-
con and may be doped orundoped. For example, the nanowire
diameter ranges from 8 nm to 80 nm. The separation between
two adjacent nanowires ranges from 10 nm to 100 nm. In
another example, the nanowire diameter 1s about 8 nm, and

the separation between two adjacent nanowires 1s about 16
nm. See PCT Patent Application No. PCT/US2003/023546

and International Publication No. W(O/2004/012234, both of
which are imcorporated by reference herein.

At the process 520, clectrical contacts are made to the
nanometer-scale devices, such as the nanowires 442, 444,
446, and 448. At the process 530, a dielectric layer 1s depos-
ited. FIG. 7 1s a simplified diagram for forming dielectric
layer according to an embodiment of the present invention.
The diagram 1s merely an example, which should not unduly
limit the scope of the present invention. One of ordinary skill
in the art would recognize many variations, alternatives, and
modifications. A dielectric layer 710 1s deposited on the insu-
lating layer 410 and the nanowires 442, 444, 446, and 448. For
example, the dielectric layer 710 1s made of S10, with a
dielectric constant substantially equal to 3.9. In another
example, the dielectric layer 710 1s made of PMMA. The
thickness 712 of the dielectric layer 710 may range from 50
nm to 1 um. The formation of the dielectric layer 710 may use
plasma enhanced chemical vapor deposition (PECVD), low
pressure chemical vapor deposition (LPCVD), sputtering
deposition, or other deposition technique.

At the process 540, the dielectric layer 710 1s patterned.
FIG. 8 1s a simplified diagram for patterning dielectric layer
according to an embodiment of the present invention. The
diagram 1s merely an example, which should not unduly limait
the scope of the present invention. One of ordinary skill in the
art would recognize many variations, alternatives, and modi-
fications. The dielectric layer 710 1s selectively etched to
expose at least part of the nanowires 444 and 446 and to form
the dielectric layer 440. In one embodiment, prior to the
ctching process, a photoresist layer 1s formed on the dielectric
layer 710 and patterned by a lithographic process. The litho-
graphic process may use a light beam or an electron beam. In
another embodiment, the etching of the dielectric layer 610
includes a reactive 1on etching (RIE) process. For example,
the reactive etching process may be performed at a pressure
ranging from 5 mTorr to 100 mTorr, a CF , flow ranging from
S sccm to 500 scem, an H, tlow ranging from 2 sccm to 20
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sccm, and a power level ranging from 20 watts to 100 watts.
Additionally, a power frequency may range from 100 kHz to
200 MHz. In another example, the reactive etching process 1s
performed at a pressure equal to 7 mTorr, a CF , flow equal to
20 sccm, an H, flow equal to 6 sccm, a power lever equal to 35
watts, and a power frequency equal to 40 MHz. Additionally,
the etching process may use the etching tool manufactured by
Unaxis. The etching rate for S10, may be about 25 times
greater than the etching rate for Si.

Atthe process 350, a dielectric layer 1s deposited. FI1G. 91s
a simplified diagram for forming dielectric layer according to
an embodiment of the present invention. The diagram 1s
merely an example, which should not unduly limit the scope
ol the present invention. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
The dielectric layer 450 1s formed on at least the dielectric
layer 440 and the nanowires 444 and 446. The formation
process may use sputtering deposition, reactive electron
beam evaporation, atomic layer deposition, or other deposi-
tion technique. The dielectric layer 450 may be made of
Al,O,, H1O,, ZrO,, or S10,. The thickness 452 of the dielec-
tric layer 450 may range from 5 nm to 25 nm 1n one example
and 3 nm to 50 nm in another example.

At the process 560, a metal layer 1s deposited. FIG. 101s a
simplified diagram for forming metal layer according to an
embodiment of the present invention. The diagram 1s merely
an example, which should not unduly limit the scope of the
present invention. One of ordinary skill mn the art would
recognize many variations, alternatives, and modifications.
The metal layer 450 1s deposrted on the dielectric layer 450.
The deposition process may use plasma enhanced chemical
vapor deposition (PECVD), low pressure chemical vapor
deposition (LPCVD), sputtering deposition, electron beam
deposition, or other deposition technique. The metal layer
450 may be made of titamium, aluminum, platinum, copper,
ogold, or any combination thereof. For example, the metal
layer 460 1ncludes three sub-layers made of titanium, alumi-
num, and platinum. The thickness 462 of the metal layer 460
may range from 100 nm to 1 um 1n one example and from 735
nm to 1 um 1n another example. The metal layer 460 may be
turther patterned by a lithographic and etching process. The
dielectric layers 440 and 450 and the metal layer 460 form the
address line 430. The gate region of the address line 430
covers the nanowires 444 and 446.

As discussed above and further emphasized here, FIGS.
5-10 are merely examples, which should not unduly limait the
scope of the present invention. One of ordinary skill in the art
would recognize many variations, alternatives, and modifica-
tions. In one embodiment, the address line 430 has a gate
region covers more than two or over two nanowires. In
another embodiment, the processes 410 through 460 are used
to fabricate multiple address lines across multiple nanowires.

FIGS. 11A through 11D show a simplified method for
fabricating multiple address lines according to an embodi-
ment of the present invention. This diagram 1s merely an
example, which should not unduly limit the scope of the
claims. One of ordinary skill 1n the art would recognize many
variations, alternatives, and modifications. At the processes
510 and 520, the nanowires 210 are provided as shown 1n FIG.
11A. Additionally, the nanowires 210 are connected to elec-
trical contacts respectively. At the processes 530 and 340, the

dielectric layer 440 1s deposited and patterned as shown 1n
FIG. 11B. At the process 5350, the dielectric layer 450 such as

a Al,O; layer 1s deposited as shown 1 FIG. 11C. At the
process 360, the metal layer 460 1s formed. The metal layer
includes three sub-layers made of titantum, aluminum, and
platinum respectively.
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Operation of System for Addressing Devices

FIG. 12 15 a simplified method for addressing nanometer-
scale devices according to an embodiment of the present
invention. The diagram 1s merely an example, which should
not unduly limit the scope of the present invention. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications. As shown 1in FIG. 12, the
smallest gate region of the address lines 220 covers only two
nanowires 210. The address lines 1, 4, and 5 of the system 200
are biased to a turn-on voltage, and address lines 2, 3, and 6 of
the system 200 are biased to a turn-oif voltage. When the
turn-on voltage 1s applied to an address line, the nanowires
covered by the gate region of the address line 1s 1n the low-
resistivity state. In contrast, when the turn-oif voltage 1s
applied to an address line, the nanowires covered by the gate
region of the address line 1s 1n the high-resistivity state. In one
embodiment, the turn-on voltage or the turn-off voltage i1s
measured with respect to the voltage level of the nanowire
segments under the address line. For example, the turn-on
voltage 1s substantially equal to zero. In another example, the
turn-oif voltage ranges from 0.5 volts to 10 volts for a p-type
doping concentration ranging from 1x10'" cm™ to 5x10'”
cm™, and the turn-off voltage ranges from -0.5 volts to —10
volts for an n-type doping concentration ranging from 1x10"’
cm™ to 5x10'” cm™. In one embodiment, the gate region of
an address line and the nanowire forms a field efiect transis-
tor. For example, the gate region of the address line 1 and the
nanowire 3 forms a field et

ect transistor with a source region
1210 and a gain region 1220. When the gate region 1s biased
to the turn-on voltage, the field effect transistor 1s turned on;
when the gate region 1s biased to the turn-off voltage, the field
ellect transistor 1s turned off. Various methods can be used to
detect the resistivity state of a nanowire or the “on” or “off”
state of a field eflect transistor. In one embodiment, an voltage
1s applied to the nanowires and the resultant current 1s mea-

sured for each nanowire. For example, the applied voltage 1s
set at 2.5 volts.

As shown 1n FIG. 12, 1f the address lines 1 through 6 are
biased as previously discussed, only the nanowire 4 remains
in the low resistivity state. In other words, the field effect
transistors formed between the nanowire 4 and the gate
regions of the address lines 1, 4, and 5 respectively are all in
the turned-on state. The nanowire 4 1s selected from the
nanowires 1 through 8. In one embodiment, the address lines
1-2, 3-4, and 5-6 form three pairs of address lines representing
three digits of ananowire. For example, the address digit 1s set
to one 1f the nanowire with an odd number 1s applied with the
turn-on voltage, and the address digit 1s set to zero if the
nanowire with an even number 1s applied with the turn-oif
voltage. The address for the nanowire 4 1s hence 101.

FIG. 13 15 a simplified method for addressing nanometer-
scale devices according to another embodiment of the present
invention. The diagram 1s merely an example, which should
not unduly limit the scope of the present invention. One of
ordinary skill in the art would recognize many varations,
alternatives, and modifications. As shown 1n FIG. 13, the
smallest gate region of the address lines 220 covers three
nanowires 210. The address lines 1, 3, 6, and 8 of the system
300 are biased to a turn-on voltage, and address lines 2, 4, 5,
and 7 of the system 300 are biased to a turn-off voltage. For
example, the turn-on voltage 1s substantially equal to zero. In
another example, the turn-off voltage ranges from 0.5 volts to
10 volts for a p-type doping concentration ranging from
1x10"7 "2 to 5x10"” “"~, and the turn-off voltage ranges
from -0.5 volts to —10 volts for an n-type doping concentra-
tion ranging from 1x10"" cm™ to 5x10'” cm™. As shown in
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FIG. 13, only the nanowire 4 remains 1n the low resistivity
state. In other words, the field effect transistors formed
between the nanowire 4 and the gate regions of the address
lines 1, 3, 6, and 8 respectively are all 1n the turned-on state.
The nanowire 4 1s selected from the nanowires 1 through 8. In
one embodiment, the address lines 1-2, 3-4, 5-6, and 7-8 form
tour pairs of address lines representing four digits ol a nanow-
ire. For example, the address for the nanowire 4 1s 1100.
Although each nanowire has an individual address, some or
all nanowires each have more than one individual address. For
example, the nanowire 4 has an address 1100 and 1_0_,
where “_” means no bias 1s applied to either wire in the pair.

As discussed above and further emphasized here, FIGS. 12
and 13 are merely examples, which should not unduly limat
the scope of the present invention. One of ordinary skill in the
art would recognize many variations, alternatives, and modi-
fications. In one embodiment, the voltage applied to each
address line may be adjusted 1n order to select and/or address
an arbitrary nanowire. For example, for each pair of address
lines, one address line 1s biased to the turn-on voltage and the
other 1s biased to the turn-oil voltage. In another embodiment,
the voltage applied to each address line may be adjusted in
order to select more than one nanowire. For example, for at
least one pair of address lines, both address lines are biased to
the turn-on voltage or to the turn-off voltage. In yet another
embodiment, the nanowire selected and/or addressed may be
the only wire 1in the high resistivity state. In yet another
embodiment, the number of nanowires and the number of
address lines may vary. FIG. 14 1s a simplified method for
addressing nanometer-scale devices according to yet another
embodiment of the present invention. The diagram 1s merely
an example, which should not unduly limit the scope of the
present invention. One of ordinary skill i the art would

recognize many variations, alternatives, and modifications.
As shown 1n FIG. 14, a nanowire 1410 1s selected. Addition-
ally, the nanowire 1410 has an address of 01110.

According to yet another embodiment, a method for select-
ing one wire from a plurality of wires imncludes providing a
system 1ncluding a plurality of semiconductor wires and a
plurality of address lines, applying a first voltage to the plu-
rality of semiconductor wires, applying a second voltage to a
first half of the plurality of address lines, and applying a third
voltage to a second half of the plurality of address lines.
Additionally, the method includes obtaining a plurality of
currents associated with the plurality of semiconductor wires
related to the second voltage and the third voltage, processing
information associated with the plurality of currents, and
determining a first semiconductor wire based on information
associated with the plurality of currents. Two adjacent semi-
conductor wires of the plurality of semiconductor wires are
associated with a separation smaller than or equal to 100 nm.
Each of the plurality of address lines intersects the plurality of
semiconductor wires at a plurality of intersections. At each of
the plurality of intersections, the each of the plurality of
address lines 1s separated from a corresponding semiconduc-
tor wire of the plurality of semiconductor wires by a dielectric
layer.

Measurements

Some experiments have been performed using the system
for addressing devices as shown in FIG. 4. FIG. 15 15 a
simplified diagram showing current as a function of gate
voltage according to an embodiment of the present invention.
The diagram 1s merely an example, which should not unduly
limit the scope of the present invention. One of ordinary skill
in the art would recognize many variations, alternatives, and
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modifications. In certain experiments, the signal wires 424
and 426 are made of silicon with a p-type doping level of
10"®/cm>, and each has a diameter of 20 nm and a length of 7.5
um. As shown 1n FI1G. 15, a signal wire such as the signal wire
424 or 426 has been tested for various gate voltages and
various source-drain voltages. With an increase 1n gate volt-
age, the current decreases and hence the resistivity increases
significantly. The gate voltages have been measured with
respect to a ground level, and the nanowire segments under
the gate region may have a voltage level higher or lower than
Zero.

Other experiments have been performed using the system
for addressing devices as shown in FIG. 4B. FIGS. 16A,16B,
and 16C are simplified diagrams showing current as a func-
tion of source-drain voltage according to an embodiment of
the present invention. These diagrams are merely examples,
which should not unduly limait the scope of the present inven-
tion. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications. In certain experi-
ments, the signal wires 4220, 4240, and 4280 are made of
polysilicon with p-type doping, the dielectric layer 4400 1s
made of PMMA, and the gate electrode 1s made of platinum.
As shown 1n FIG. 16A, a signal wire such as the signal wire
4220,4240, or 4280 has been tested with no gate bias applied.
The current flowing through the signal wire increases signifi-
cantly with the source-drain voltage. As shown by curve
1610, the signal wire exhibits low resistivity. As shown 1n
FIG. 16B, a signal wire such as the signal wire 4240 has been
tested with a gate bias of —9.5 volts. The current flowing
through the signal wire does not increase significantly with
the source-drain voltage. As shown by curve 1620, the signal
wire exhibits high resistivity. As shown in FIG. 16C, a signal
wire such as the signal wire 4220 or 4280 has been tested with
a gate bias ol -9.5 volts. The current tlowing through the
signal wire increases significantly with the source-drain volt-
age. As shown by curve 1630, the signal wire still exhibits low
resistivity not substantially affected by the application of a
gate bias. In FIGS. 16 A, 16B, and 16C, the gate voltages have
been measured with respect to a ground level, and the nanow-
ire segments under the gate region may have a voltage level
higher or lower than zero.

The present invention has various advantages. Some
embodiments of the present invention provide a system and
method for matching the nanometer-dimension patterning
techniques and lithographic patterning techniques and for
addressing each of the individual nanostructures. For
example, the lithographic patterning techniques may use an
optical beam such as 1n the ultraviolet range or the far-ultra-
violet range or use an electron beam. Certain embodiments of
the present invention can select and address a signal wire
whose cross-section area 1s smaller than the resolution of
lithographic techniques. Some embodiments of the present
invention can select and address a signal wire from a plurality
ol signal wires, whose pitch 1s smaller than the resolution of
lithographic techniques.

Certain embodiments of the present invention improves the
density of an addressing system. The addressing structures
patterned with lithographic techniques usually has a density
lower than that of the nanostructures. For example, the
addressing structures include address lines with gate regions
and 1nactive regions. To improve overall density, 1t 1s desir-
able to reduce the number of addressing structures for a given
number of nanostructures. For example, ,n nanostructures
can be individually addressed by approximately n or 2xn
addressing lines. nis a positive integer. Some embodiments of
the present mvention improve tolerance ol manufacturing
defects. The addressing system does not require manufactur-
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ing precision at the level of nanowires. For example, the
addressing lines are much larger and spaced farther apart than
the nanometer-scale wires. In another example, the spacing
between the gate regions of the addressing lines 1s much
larger than the spacing between the nanowires. In yet another
example, the smallest gate region covers more than one
nanowire.

Some embodiments of the present invention significantly
increase the ease of fabrication. A predetermined registration
1s not required between a given gain region and a give nanow-
ire. For example, the pattern of gain regions for an addressing
line continues beyond the edges of the array of nanowires.
Certain embodiments of the present mnvention reduce power
consumption. Field effect transistors formed between the gate
regions and the nanowires usually do not allow substantial
clectrical current between the addressing lines and the
nanowires except limited leakage current. The reduction in
power consumption also reduces heat generation. Addition-
ally, the field effect transistors can serve as gain elements.
Some embodiments of the present invention provides an
addressing system and method for a large number of nanom-
cter-scale devices without consuming an unacceptable level
of power. Certain embodiments of the present invention can
bring a nanowire to high resistivity state and low resistivity
state depending upon applied gate voltage. Certain embodi-
ments of the present invention improve etching selectivity
between S10, and S1. The etching rate of S10, 1s much higher
than that of S1. Some embodiments of the present invention
can select and address an array of semiconductor wires on an
insulating substrate.

What 1s claimed 1s:

1. A system for selecting one wire from a plurality of wires,

the system comprising:

a plurality of semiconductor wires, two adjacent semicon-
ductor wires of the plurality of semiconductor wires
being associated with a separation smaller than or equal
to 100 nm;

a plurality of address lines, each of the plurality of address
lines including a gate region and an 1nactive region and
intersecting the plurality of semiconductor wires at a
plurality of intersections;

wherein the plurality of intersections includes a first inter-
section and second intersection, the first intersection
associated with the gate region, the second intersection
associated with the 1nactive region;

wherein at the first intersection the each of the plurality of
address lines 1s separated from a first semiconductor
wire by a first dielectric layer, and at the second inter-
section the each of the plurality of address lines 1s sepa-
rated from a second semiconductor wire by a second
dielectric layer;

wherein the each of the plurality of address lines 1s free
from any gate region associated with a dimension
smaller than the separation, the dimension being related
to a first direction of the each of the plurality of address
lines.

2. The system of claim 1 wherein the each of the plurality
of address lines 1s free from any 1nactive region associated
with a dimension smaller than the separation, the dimension
being related to a second direction of the each of the plurality
ol semiconductor wires.
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3. The system of claim 2 wherein the second intersection
include the second dielectric layer and a third dielectric layer;
wherein the first dielectric layer 1s associated with a first
dielectric constant, and the third dielectric layer 1s asso-
clated with a second dielectric constant:

wherein the first dielectric constant 1s larger than the sec-

ond dielectric constant.

4. The system of claim 3 wherein the first dielectric layer
comprises at least one selected from a group consisting of
Al,O,, H1O,, and ZrQO.,,

5. The system of claim 4 wherein the third dielectric layer
comprises at least one selected from a group consisting of
S10, and PMMA.

6. The system of claim 5 wherein the first dielectric layer
comprises Al,O; and the third dielectric layer comprises
S10,.

7. The system of claim 1 wherein the plurality of semicon-
ductor wires comprises at least one selected from a group
consisting of silicon, germanium, and gallium arsenide.

8. The system of claim 7 wherein the plurality of semicon-
ductor wires comprises silicon.

9. The system of claim 8 wherein the silicon 1s either p-type
or n-type.

10. The system of claim 1 wherein the plurality of address
lines comprises at least one selected from a group consisting
of titanium, aluminum, platinum, copper, and gold.

11. The system of claim 1 wherein the each of the plurality
of address lines 1s free from any gate region associated with a
dimension smaller than two times the separation, the dimen-
sion being related to the first direction of the each of the
plurality of semiconductor wires.

12. The system of claim 1 wherein the each of the plurality
of address lines 1s capable being biased to a first predeter-
mined voltage level and a second predetermined voltage
level:;

wherein the first semiconductor wire 1s associated with a

first change 1n resistivity related to the first predeter-
mined voltage level and the second predetermined volt-
age level;

wherein the second semiconductor wire 1s associated with

a second change 1n resistivity related to the first prede-
termined voltage level and the second predetermined
voltage level;

wherein the first change associated with the gate region 1s

larger than the second change associated with the 1nac-
tive region.

13. The system of claim 12 wherein the first change equal
to the second change multiplied by a ratio, the ratio ranging
from 2 to 100.

14. The system of claim 12 wherein the plurality of address
lines are capable of selecting a third semiconductor wire from
the plurality of semiconductor wires;

wherein the third semiconductor wire 1s associated with a

resistivity value lower than any other semiconductor
wire of the plurality of semiconductor wires.

15. The system of claim 12 wherein the plurality of address
lines are capable of selecting a third semiconductor wire from
the plurality of semiconductor wires;

wherein the third semiconductor wire 1s associated with a

resistivity value higher than any other semiconductor
wire of the plurality of semiconductor wires.
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